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ABSTRACT 
As mines get deeper and ore grades get lower, it is becoming more and more important to lower 
operating costs. In-pit crusher conveyor (IPCC) systems are attracting international attention 
for mines to reduce operating cost. Dozer pushing can be another method to reduce operating 
cost in surface mining methods. By combining the strengths of the two methods, it may be 
possible to greatly reduce operating costs. 
However, careful analysis and planning of the mine as well as a long mine life are required for 
the successful implementation of dozer pushing and IPCC systems. The aim of this project is 
to analyse dozer pushing in IPCC systems to provide mines with a new idea for improvement. 
The main factors affecting the productivity of a dozer are dozing distance, grade and operator 
skill. Operator skill was assumed constant, and other two factors are the key variables. 
The analysis was conducted using a theoretically blasted profile of a 60 m long and 30 m high 
strip coal mine. The swell is assumed to be 20%. This blasted profile was input into an Excel 
spreadsheet, with each block in the spreadsheet representing a 5 m by 5 m block. 
2D analysis was first conducted by taking vertical cross sections of the strip for analysis. Two 
different 2D models were made. After the analysis of Model 1, a four-step strategy was 
implemented for improvement. Model 2 was more efficient with a production rate of 
1961 LCM/hr compared to 1822 LCM/hr of Model 1. 
3D analysis was conducted by setting a strip width of 65 m and taking horizontal cuts from the 
same blasted strip used in the 2D analysis. Radial pathing was used to determine the pushing 
sequence. The average production rate was 2394 LCM/hr. 
Standard rosters, shifts, availability and utilisation values were implemented to the production 
rate to for financial comparison with existing systems. Calculated cost of overburden removal 
was 0.28 AUD/LCM which was 38% cheaper than 0.38 AUD/LCM, the calculated cost for a 
rope shovel of the same capacity. 
The production rate varied from 560 and 2733 LCM/hr, but a conveyor system with a capacity 
of 1500 LCM/hr was suggested for this system. Total rehandle volume of 14000 LCM was 
present, requiring a total of 9.3 hours to be spent in rehandling. 
Improvements can be made to the analysis by analysing more different 3D sequences, including 
the case of concurrently using multiple dozers, changing the strip width and creating a new 
model with smaller block sizes to increase the accuracy of the model. 
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1. INTRODUCTION 
1.1 BACKGROUND 
Economic feasibility is the key driving factor for all mines, and it has become even more critical 
after the fall of the mining boom. Furthermore, mines can only go deeper and ore grades can 
only decrease as more accessible and valuable mines are getting mined out. These trends lead 
to inevitable rise of operating costs, compelling both present and future mines to reassess their 
mining plans. Therefore, new mining methods are being investigated to decrease operating costs 
wherever possible. The in-pit crusher conveyor (IPCC) system is one of such attempts. 
The concept of an IPCC system is simple and has been around for a long time. As its name 
suggests, it is a system where a crusher is placed within the pit, which is connected to a conveyor 
system for haulage. Figure 1 is an old example by Independent Mining Consultants, Inc (1985). 
 
Figure 1. Example of an IPCC system 
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The main benefit of IPCC systems is the replacement of truck fleets. By minimising the truck 
fleet, the operational cost from fuel and labour decreases. IPCC systems can also be configured 
to transport either waste or ore. 
IPCC systems have technical and economical cost advantages compared to truck and shovel  
(TS) systems, but it is a significant capital investment and a sufficient mine life is required to 
realise the benefits (Koehler, 2003). 
Dröttboom (2013) states that IPCC systems are attracting global interest for sustainability and 
operating cost benefits. 
De Werk et al (2016) stated in a recent study for a specific iron mine that the capital cost of 
implementing an IPCC system was 41% higher than a truck and shovel (TS) system but the 
operating cost was 13.6% lower. The research concluded that the total expense of the IPCC 
system was $46.9M lower than the TS system. 
This is a good example of how the IPCC system outperforms the TS system in long term 
economic value. Although the 13.6% lower operating cost may seem smaller than the 41% 
higher capital cost, it can be seen that the IPCC system is considerably more economical overall. 
However, this study is restricted to a specific iron mine and the same benefits may not be 
available to all mines. Current and future mines should carefully evaluate the feasibility of 
implementing an IPCC system before implementation. 
Dozer pushing is another method with the potential to remove waste with costs below 
conventional TS systems. It can also be considered in coordination with IPCC systems to move 
waste and resources to dozer traps connected to conveyor systems. IPCC supplements the 
weakness of dozers which is very limited haulage distance. Dozer pushing can provide cheaper 
material moving than TS systems and can work with higher bench heights. 
Dozer trap is a mobile station installed within the pit where dozers can directly push material 
into. This can be further connected to crushers and conveyors for haulage. Figure 2 shows an 
example of a dozer trap with multiple dozers pushing material into it. 
In the Yallourn lignite mine in Latrobe Valley, Victoria, the mine successfully replaced its fleet 
of four bucket wheel excavators to four Caterpillar D11R carry dozers for waste removal. 
However, the site had to undergo consider different options, various trials, and even custom 
design unique feeder-breakers to make this work (Medland and Mether, 2006). 
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Figure 2. Example dozer trap system 
(MMD Design & Consultancy Ltd, 2009) 
This study shows that with careful planning, dozer pushing can meet the production demands 
to replace even a bucket wheel excavator operation. It was even preferred over other 
considerations such as TS systems, continuous miners and surface miners. However, it also 
shows the difficulties of transitioning from an existing infrastructure to a new one. This 
implementation was only possible because of careful planning and the cooperation of all 
stakeholders. 
By combining the strengths of both IPCC and dozer push systems, it can be a very effective 
method of reducing operating cost. However, although dozer pushing with IPCC system has 
the potential to greatly lower operating costs, it requires even more sophisticated planning and 
execution. The addition of dozers and dozer traps can also further reduce the flexibility of the 
system. 
It is also a great risk for existing mines to change mining methods or major waste removal 
equipment. Even if the new system lowers the operating cost and becomes profitable in the long 
run, it is difficult for operating mines to make additional investments on top of the currently 
running system. 
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1.2 AIMS AND OBJECTIVES 
The aim of the project is to analyse different dozer pushing models using Excel. A blasted 
profile of a strip mine is modelled using cells of the spreadsheet to represent blocks of set 
parameters. The main analysis parameters are dozing sequence, dozer orientation and additional 
strategies. The main factors affecting dozer productivity are dozing distance and grade. The 
following objectives are considered to achieve the aims of the project: 
 analyse dozer push productivity in 2D configuration; 
 implement innovative strategies to increase productivity; 
 analyse dozer push productivity in 3D configuration; 
 commence preliminary economic analysis and compare its costs with shovel systems; 
 recommend an appropriate capacity for the matching conveyor system;  
 investigate whether rehandling is necessary and calculate its impact; and 
 investigate possible recommendations for improvement. 
The significance of this project is to provide mines more mining method options to reduce 
operational costs. It is more likely to benefit newly opening mines, as it is possible to plan ahead 
and optimise the mine layout for a dozer push and IPCC system. 
1.3 SCOPE OF THE PROJECT 
The project strictly focuses on analysing dozer productivity in a strip coal mining system. 
Analysis of other mining environments such as hard rock mining is not considered. 
In the context of this analysis, only the dozing distance, grade factor and dozing sequence are 
considered. Other conditions affecting the productivity such as waste material condition, job 
efficiency, availability and driver experience are not considered. 
It is assumed that all adjacent blocks on the same level can be mined after a block has been 
mined out without slot dozing constraints such as level imbalance. 
The overburden is assumed to have been blasted with a swell of 20%. Cost and other 
requirements of blasting are out of scope. 
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The dozer push focuses on coal overburden removal after blasting, and therefore all workings 
are done in loose cubic metres (LCM). If tonnage values are desired, a density value such as 
2 t/m3 can be simply multiplied to the LCM values. 
The financial analysis focuses on comparing the waste removal cost of the dozer push with a 
rope shovel. Comparison of the operating cost of the IPCC system with a truck fleet is out of 
scope. 
1.4 RISK MANAGEMENT 
1.4.1 Overview 
There are many risks involving the operation of dozer pushing and IPCC systems such as 
vehicle accidents, equipment breakdowns and natural disasters. When performing such 
operations, a formal risk management is required. However, this is not within the scope of this 
project. 
This project focuses on theoretical model analysis and therefore the risk management also 
focuses on hazards that may interrupt or in worst cases, terminate the completion of the analysis. 
1.4.2 Risk Assessment Table 
Risk assessment criteria in the context of this project can be seen in Table 1. The probability 
rates from almost certainly will occur at A to most likely will not occur at E. The consequence 
ranges from project is terminated at 1 to minor adjustment is required at 5. The probability and 
consequence for each potential risk can be quantified using these criteria. 
Table 1. Risk assessment criteria 
Rating Probability Consequence 
A/1 Almost certainly will occur  Project is terminated 
B/2 Major chance of occurring Project needs to be restarted 
C/3 Moderate chance of occurring Major adjustment is required 
D/4 Minor chance of occurring Moderate adjustment is required 
E/5 Most likely will not occur Minor adjustment is required 
The risk ranking table provided by the Department of Mineral Resources (1997) as seen in 
Table 2, is then used to determine the risk ranking of each risk. The risk ranking acts as a guide 
to determine the severity of each risk, and helps set priorities in risk management. 
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If a risk rank lies between 1 to 15, it is deemed unacceptable and a prevention or mitigation 
method is required. However, even if a risk does not rank within the critical range it does not 
mean that the risk should be completely ignored. It is good practice to consider consequences 
of all risk and prepare possible solutions in their occurrence. 
Table 2. Risk ranking table 
(Department of Mineral Resources, 1997) 
Probability / 
Consequences 
A B C D E 
1 1 2 5 7 11 
2 3 5 8 12 16 
3 6 9 13 17 20 
4 10 14 18 21 23 
5 15 19 22 24 25 
These criteria are used to assess each identified risk with a combined risk ranking as seen in 
Table 3. Eight different risks have been identified with the potential to interrupt the project with 
risk ranks between 11 to 17. 
Table 3. Risk Assessment Table 
Risk Probability Consequence Risk ranking 
Supervisor permanently unavailable E 1 11 
Supervisor temporarily unavailable A 5 15 
Excel algorithm insufficient for analysis D 3 17 
Insufficient data for analysis C 3 13 
Insufficient time to deliver analysis C 3 13 
Change in dozer pushing / IPCC practice D 2 12 
Change in mining trends E 2 16 
Loss of data E 2 16 
1.4.3 Risk Analysis and Control 
The most critical risk is the case where the supervisor becomes permanently unavailable with 
a risk ranking of 11. Although it most likely will not occur, it has the potential to terminate the 
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project. A possible method of mitigation is to have a secondary supervisor who has an interest 
in the same field of study. By regularly reporting the progress of the project to the secondary 
supervisor, the project can continue in the extreme emergency of the supervisor being 
permanently unavailable. 
Change in dozer pushing / IPCC practice is the next critical risks with a ranking of 12. 
Depending on research advancement and mining trends, dozer pushing or IPCC may become 
less favourable. Although mining technology and trends do not frequently change, in the most 
extreme case of a sudden barrier breakdown in technology, it may even make this project 
obsolete. It is not within the power of the project to influence international mining trends. 
However, international mining trends should still be checked regularly to keep the project up 
to date. 
Insufficient data to deliver the analysis can also be a critical risk with a ranking of 13. To prevent 
this risk from occurring, it is critical to continuously conduct research in parallel to the analysis. 
This is because during different stages of the analysis, different set of data is required. It is 
difficult to predict and prepare in advance all the data to be used throughout the entire project. 
IPCC system is also an ongoing area of research. New relevant information may be available 
during the course of the project. 
Time constraints can also be a critical risk of this project with a ranking of 13. There is a fixed 
deadline for this project. Although it would be best if the full aims and objects of the project 
could be made, to mitigate this risk it is critical to keep the project flexible and to always keep 
a close look at the remaining time. It may be advisable to change aims and objectives where 
necessary rather than facing a wall without progressing.  
The supervisor may not always be available, delaying project progress. This may be considered 
insignificant, but it has a risk ranking of 15, indicating an unacceptable level of risk. To mitigate 
this impact, weekly meetings are scheduled and successfully held. Both parties are always 
aware of the latest advancements of the project, therefore short-term unavailability has minimal 
impact in the progress of the project. Even if a single meeting cannot be held because either 
side of the party is not available, a follow up meeting can be made in close proximity, 
minimising any risk of lagging. 
To prevent the unlikely case of data loss due to computer failure, the data is stored in multiple 
storages including online cloud storage. 
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There is a low chance the Excel algorithm is insufficient for the analysis of this project. This is 
the lowest risk because not only the probability of occurrence is very low, but other software 
such as Talpac and Deswik are available for scheduling and modelling if necessary. 
1.4.4 Contingency Plan 
A co-supervisor, associate professor Mehmet Kizil is available for this project. The progress of 
this project is known to him and he is experienced in IPCC systems. In extreme cases, the 
project can be continued or re-evaluated under his supervision. 
Alternative software packages can be used when Excel is insufficient for analysis. Other 
software packages such as Talpac and Deswik are available for modelling and scheduling. 
As the project progresses, contents may be changed, added or removed from the plan. For 
example, preliminary economic analysis may be omitted if there is insufficient time to deliver 
the analysis. 
In the extreme case of IPCC systems losing interest, dozer pushing can be analysed in context 
of standard strip coal mines using other configurations such as dragline operations or in 
coordination with truck and shovel operations. Although most parameters of the project have 
to change dramatically, a new analysis can be conducted utilising data and experience from 
previous analyses. 
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2. BACKGROUND RESEARCH 
2.1 CURRENT PRACTICE 
Current fully mobile IPCC systems commonly use shovels to load the conveyor such as shown 
in Figure 3. A discharge conveyor can follow the shovel for loading, which is connected to the 
main conveyor for long distance haulage. When a shovel is used for loading, a single IPCC 
system can be used to cover three benches, each with a height equal to the reach of the shovel. 
The main conveyor system can be placed on the middle bench and the discharge conveyor can 
move both up and down a single bench along the shovel to operate. 
 
Figure 3. Example shovel loading IPCC 
(Sandvik, 2015) 
A spreader is located at the other end of the conveyor system to spread the overburden evenly. 
A typical spreader can be seen in Figure 4. 
 
Figure 4. Example of spreader 
(Sandvik, 2015) 
Depending on the IPCC system, the entire truck fleet can be replaced with conveyors for a fully 
mobile system, or a small truck fleet can remain to assist the semi-mobile IPCC system. 
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2.2 GAP IN KNOWLEDGE 
Due to the high capital requirement in the purchase of new mining equipment, existing mines 
tend to be conservative about their operations. Continuing what has been proven to work can 
be a safe choice but this may also prevent possible improvements. This can potentially widen 
the gap in knowledge between old, conservative mines and progressive mines, considering 
newer methods such as dozer pushing in IPCC systems to potentially reduce operating costs. 
As time goes by, shallower and more valuable mines deplete and mines continue to go deeper 
and ore grades decrease. Furthermore, global ore demands are difficult to predict and prices are 
volatile. In such conditions, the best practice is to constantly investigate for better options and 
get ready to change when it is necessary. Implementation of dozer push and/or IPCC systems 
may be the advantage a mine needs to stand out in front of other competitors in the market. 
2.3 PRODUCTIVITY FACTORS 
According to Caterpillar (2016), the two main factors affecting dozer productivity are average 
dozing distance and % grade. Other factors such as material properties, visibility and job 
efficiency also affect dozer productivity, but are variables that are difficult to analyse and 
schedule. These factors are assumed to be constant in the system. Therefore, distance and grade 
factors are the key variables to be analysed in this project. 
Figure 5 shows average dozing distance graph. It is clear that the dozer is extremely productive 
around its peak at 15 m, but drops rapidly as the distance increases. For this analysis, the dozer 
productivity is assumed to peak at the provided value when dozing 15 m. Productivity is 
corrected to the value even if the dozing distance is under 15 m. Intermediate values were used 
according to the graph when the dozing distance exceeded 15 m. 
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Figure 5. Average dozing distance graph 
(Caterpillar, 2016) 
Figure 6 shows the grade dozing factor of dozers. It was assumed that it is only feasible for the 
dozer to work within ±30% grade. If the dozing grade exceeds ±30% at any time, the sequence 
should be reconsidered. The analysis focused heavily on dozing at -30% grade wherever 
possible. 
 
Figure 6. % Grade dozing factor 
 
To maximise the grade factor, a triple block strategy was used in the analysis as seen in Figure 
7. This is the maximum number of square blocks that can be moved continuously along a grade 
of 30% when dozing starts from the upper left corner. The bottom of the block is reached before 
the right end when a fourth block is added. With this strategy, the upper right half of the blocks 
can be moved first at an increased productivity factor of 1.6, and the remaining can be moved 
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horizontally. The same sequence can be applied to block clusters of one or two, but is not as 
efficient as a greater proportion of the area is below the hypotenuse compared to triple block 
clusters. 
   
Figure 7. Grade factor strategy 
The distance is more difficult to control as dozing distance naturally changes depending on the 
relative location of the block to the dozer trap, but rehandling should be minimised to reduce 
the total working distance. Rehandling may occur if the production rate of the dozer push 
exceeds the capacity of the conveyor system, forcing the waste to be intermediately stored in a 
stockpile until the conveyor system is available again. 
Although only the distance and grade factors were considered for this analysis, depending on 
the available environmental, equipment or labour circumstances, additional factors can be 
multiplied at the end depending on their positive or negative impact in the productivity of the 
system. For example, if the available workforce is not very skilled, an additional correction 
factor of 0.9 can be implemented. 
2.4 BLASTED PROFILE 
When analysing dozer pushing, a blasted profile with 20% swell was used. However, no 
accurate research has been found regarding the accurate dimensions and orientations of a 
blasted profile in a strip coal mine. Only abstract figures such as the one seen in Figure 8, could 
be found. 
 
Figure 8. Blast profile 
(Darling, 2011) 
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3. ANALYSIS METHOD 
3.1 EQUIPMENT SELECTION 
The Caterpillar D11T carry dozer was selected as the appropriate dozer for this project. 
Specifications for the D11T CD provided by Caterpillar (2016) can be seen in Table 4. 
Table 4. Caterpillar D11T CD specifications 
(Caterpillar, 2016) 
Specification Value 
Type CarryDozer 
Blade capacities 43.6 m3 
Standard dozer shipping weight 24,085 kg 
Dozer length 8.77 m 
Dozer width 6.44 m 
Blade width 6.71 m 
Blade height 2.96 m 
Maximum digging depth 688 mm 
Ground clearance at full lift 1850 mm 
Maximum hydraulic tilt 1800 mm 
Push arm trunnion width 4.18 m 
Maximum track width permitted 914 mm 
When specific values for the velocity of the dozer was required, such as for calculating the time 
lost during relocation, values provided by Caterpillar (2017) in the transmission specification 
page was used as seen in Table 5. 
Table 5. Dozer transmission 
(Caterpillar, 2017) 
Gear Provided speed (mph) Converted speed (kmph) 
1 Forward 2.4 3.8 
2 Forward 4.2 6.7 
1 Reverse 2.9 4.6 
2 Reverse 5.1 8.2 
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3.2 PRODUCTIVITY FACTOR INPUT 
The dozing distance production and grade factor graphs were input into Excel to calculate 
intermediate values for use during the analysis. The distance production graph can be seen in 
Figure 9 and the grade factor graph in Figure 10. For the distance production graph, the 
maximum production rate is assumed to be 5000 Lm3/hr at 15 m, and values are corrected when 
the push distance is below 15 m. The dozer is assumed to work in a grade range of ±30% and 
analysis is only done within this range. The maximum achievable productivity is 8000 Lm3/hr 
when dozing at a grade of -30% and distance of 15 m or less. 
 
Figure 9. Dozing distance production graph 
 
 
Figure 10. Dozing grade factor graph 
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3.3 STRIP SELECTION 
A standard overburden for a strip mine with a length of 60 m and height of 30 m was selected 
for analysis. This was input into an Excel spreadsheet, with each spreadsheet block representing 
a 5 m by 5 m block. For the actual analysis, a blasted version of the profile with 20% swell was 
used. Both in-situ and blasted profiles as seen in Excel can be seen in Figure 11. 
For the 2D analyses, a single vertical cross section is used, identical to the previously mentioned 
blasted profile. 
For the 3D analysis, the vertical cross section is expanded to a width of 65 m or 13 blocks. It is 
then divided into 5 m height horizontal levels, so seven separate levels can be individually 
analysed in plan view, then combined to form a single model. 
The project is restricted to a blast profile defined with square blocks of set width and height, 
and hence there is a degree of inaccuracy compared to actual blast profiles in site. 
 
Figure 11. In-situ and blasted profile 
3.4 SEQUENCE SELECTION 
After the strip has been selected, the dozing sequence is selected and numbers are filled in the 
blocks to show the sequence. The order of the sequence defers depending on the strategies and 
can be seen in more detail in individual sections. 
3.5 CALCULATION 
After the sequence has been selected, calculations are done with the block number, production 
rate and the distance required as the inputs and the volume moved and time consumed as the 
outputs. Specific calculation process defers depending on the model and can be seen in greater 
detail in respective sections. 
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4. TWO-DIMENSIONAL ANALYSIS 
4.1 OVERVIEW 
The initial analysis was done in two dimensions. Although 2D analysis has many restrictions, 
it is much simpler than a 3D analysis, serving as a good starting point. Results, strategies and 
problems tackled during this analysis contributed to the 3D analysis. 
All 2D analyses were made using the previously mentioned theoretical blasted profile from 
vertical cross section of a coal mine strip with a length of 60 m and a height of 30 m. This can 
be seen in Figure 11 of the background research section of this report. The thickness of the 2D 
cross section was assumed to be 6.71 m, which is the blade width of the D11T CD to optimise 
volume calculation for a single dozer operation. 
The strip was oriented so that the previous strip is to the left and the dozer trap was located next 
to the bottom right toe. 
4.2 MODEL 1 
The first model was designed as seen in Figure 12. The sequence of the dozer push was 
numbered in order. It is a simple sequence starting from the top right block and going from 
right to left then top to bottom. Triple blocks were utilised wherever possible to maximise the 
30% grade configuration. For each pushing sequence the top of the block was pushed at the 
optimal angle then the rest was pushed horizontally. The blocks were assumed to be pushed 
until the end of the strip above a void block as shown with a red arrow in Figure 12 to ensure 
rolling down. 
 
Figure 12. 2D Model 1 
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The corresponding block number, block length with a maximum of 15 m when triple blocks 
were utilised and the push distance for all the blocks were input into a database for calculations. 
A proportion of the database for Model 1 can been seen in Table 6. The entire data can be seen 
in Appendix 1. 
Table 6. Model 1 data example 
Number Length (m) Extra Push distance (m) 
1 15 10 
2 15 25 
3 15 10 
4 15 25 
5 15 40 
After the database was input, calculations were made for each block by dividing each block 
into two separate pushes, with the first push being the top push made in 30° and the second 
pushing the rest horizontally. The calculation steps for a single block can be seen in Table 7. 
Table 7. Model 1 calculation 
Parameter Value Unit 
Block set length 5 m 
Extra push distance 80 m 
Push 1 block push distance 5.22 m 
Push 1 block push volume 25.16 m3 
Push 1 productivity of block push 8000 m3/hr 
Push 1 block push time 0.18 min 
Push 1 extra push distance 80 M 
Push 1 productivity of extra push 1304.88 m3/hr 
Push 1 extra push time 1.15 min 
Push 1 total time 1.34 min 
Push 2 block push distance 5 m 
Push 2 block push volume 142.58 m3 
Push 2 productivity of block push 5000 m3/hr 
Push 2 block push time 1.71 min 
Push 2 extra push distance 80 m 
Push 2 productivity of extra push 1304.88 m3/hr 
Push 2 extra push time 6.55 min 
Push 2 total time 8.26 min 
Total time 9.61 min 
Total volume 167.75 m3 
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Block push distance refers to the distance pushed within the block, which can utilise 30° grade 
for Push 1, hence the high productivity. However, each push sequence consists of an extra push, 
which is the push when the dozer leaves the block area and continues to the far-right destination. 
This extra push is entirely horizontal, unable to utilise the grade factor and is longer if the block 
is located further to the left of the strip. 
The total time for Model 1 was 480.38 minutes or approximately 8 hours to move a total volume 
of 14594.25 LCM of waste. The time consumed and volume moved for all individual blocks 
can be found in Appendix 1. This shows an average production rate of 1822 LCM/hr. 
The top to bottom dozing approach is a standard dozing sequence in mines. Although a strategy 
to increase the production rate by applying a 30° grade push for Push 1 was implemented, the 
majority of the process was done with horizontal dozing and the increase in push distance 
towards the left end made significant negative impact on the production rate. 
4.3  FOUR-STEP STRATEGY 
After the completion of the analysis of Model 1, a new strategy was considered to increase the 
production rate and to be innovative. In this strategy, two diagonally adjacent blocks were 
paired as seen in Figure 13 and pushed in a specific sequence. The sequence of the dozer push 
in this strategy is:  
 top half of the bottom block is pushed first at an angle to maximise the productivity and 
effectively creating a path for the top block; 
 top half of the top block can be pushed at the optimal angle for two diagonal lengths along 
the diagonal line across both top and bottom blocks; 
 bottom half of the top block is pushed horizontally for the tom block length, then pushed 
diagonally through the bottom block; and 
 finally, the bottom half of the bottom block is pushed horizontally. 
Additional horizontal pushing may be required similarly to the case of Model 1 after the four-
step strategy process to move the waste further to the right to the desired point. These factors 
are also considered and calculated in the model. 
This strategy is most effective when both adjacent blocks have a length of three blocks to 
maximise the volume of waste pushed in the optimal grade. 
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Figure 13. Four-step strategy 
 
4.4 MODEL 2 
The second model was sequenced as seen in Figure 14 utilising both the triple block grade 
factor strategy and the four-step strategy. To further maximise the 30% grade configuration, a 
diagonal layer sequence was also implemented. Blocks within the same diagonal layer were 
coloured with the same colour to help visualise the sequence. In locations where the bottom 
right end of the diagonal layer does not meet the dozer trap, extra horizontal pushes were 
implemented. 
For blocks where the four-step strategy were implemented, diagonally adjacent blocks were 
numbered identically. For example, since the first diagonal layer consists of three levels, 
Block 1 is numbered by itself but Block 2 consists of two diagonally adjacent blocks. 
 
Figure 14. 2D Model 2 
The input database reflected the above strategy and added new parameters to distinguish paired 
blocks with non-paired blocks. An example of the database can be seen in Table 8 and the entire 
database is in Appendix 1. 
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Table 8. Model 2 data example 
Number Pair Top Length (m) Bottom Length (m) Extra Push Distance (m) 
1 FALSE 15 0 10 
2 TRUE 5 5 0 
3 TRUE 15 15 15 
4 TRUE 5 5 15 
5 TRUE 5 5 15 
Calculations for Model 2 required more steps compared to Model 1 because the calculation was 
divided into four separate sections corresponding to the four-step strategy. The calculation steps 
for a single block of Model 2 can be seen in Table 9. 
Table 9. Model 2 calculation 
Parameter Value Unit 
Is block set paired TRUE 
 
Top block length 15 m 
Bottom block length 15 m 
Extra push distance 35 m 
First push distance 15.66 m 
First push volume 226.46 m3 
First push productivity 8000 m3/hr 
First push time 1.69 min 
First extra push distance 35 M 
First extra push productivity 2674.24 m3/hr 
First extra push time 5.08 min 
First push total time 6.77 min 
Second push distance 31.32 m 
Second push volume 226.46 m3 
Second push productivity 4711.81 m3/hr 
Second push time 2.88 min 
Second extra push distance 35 m 
Second extra push productivity 2674.24 m3/hr 
Second extra push time 5.08 min 
Second push total time 7.96 min 
Third push distance 30.66 m 
Third push volume 276.78 m3 
Third push productivity 2999.87 m3/hr 
Third push time 5.53 min 
Third extra push distance 35 m 
Third extra push productivity 2674.24 m3/hr 
Third extra push time 6.21 min 
Third push total time 11.74 min 
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Fourth push distance 15 m 
Fourth push volume 276.78 m3 
Fourth push productivity 5000 m3/hr 
Fourth push time 3.32 min 
Fourth extra push distance 35 m 
Fourth extra push productivity 2674.24 m3/hr 
Fourth extra push time 6.21 min 
Fourth push total time 9.53 min 
Total volume of push 1006.50 m3 
Total push time 36.02 min 
It can be seen that the productivity values is highest for push one because it is pushed at 30° 
grade and for a short distance. Second and fourth pushes show intermediate production rates 
because the former has an optimal push grade and the latter has a short push distance. The third 
push has the lowest production rate because it has a horizontal push component and has a long 
push distance. When the selected block is not paired, pushes one and four are void and the 
results for only pushes two and three are calculated. 
The total time consumed in this analysis was 446 minutes or 7.4 hours while moving the same 
14594.25 LCM of waste. The time consumed and volume moved for all blocks are in 
Appendix 1. This is an average production rate of 1961 LCM/hr, a 7.6% improvement from the 
previous model. 
4.5 COMPARISON OF MODELS 
The sequence of the second model was more productive, consuming 34 minutes less than the 
first model and showing a 7.6% overall improvement in productivity. This is because two new 
strategies were used to utilise the dozing grade factor more effectively. 
It is interesting to note that model 2 had more rehandling than model 1 because not all horizontal 
layers end right next to the dozer trap, and therefore required additional horizontal pushing after 
the initial drop. The increase in productivity from the implemented strategies was enough to 
overcome the extra rehandle. 
However, the second model is a much more difficult sequence to implement in an actual mine 
site. Dozer operators with greater skill are required for it to be executed accurately. 
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5. THREE-DIMENSIONAL ANALYSIS 
5.1 OVERVIEW 
Although a 2D model provides some insight on the productivity of a dozer push system, an 
actual strip mine is a much more complex system and therefore a further 3D analysis is 
necessary to understand more accurately how a dozer push system may perform in an actual 
mine. 
However, it is difficult to picture how a 3D model of a strip functions in a 2D spreadsheet. To 
help visualise the process, a physical model was created using coloured blocks. The physical 
model was made following the actual number of blocks used in the 2D analysis for its length 
and height, and the strip width for the physical model and the 3D analysis was set to 13 blocks. 
A photograph of the physical model in plan view can be seen in Figure 15. Although effort was 
made to keep the block colouring consistent between the physical model and the spreadsheet 
model, due to the availability of physical materials colour consistency was achieved only on 
plan and bottom views. Additional photographs in different viewing angles can be seen in 
Appendix 2. 
 
Figure 15. 3D model plan view 
  
23 
5.2 SPREADSHEET MODEL 
For the 3D analysis, the model was input in Excel by making horizontal cross sections across 
the strip. This resulted in a total of 7 horizontal levels, each with a width of 13 blocks and a 
length of 18 blocks. Identical colouring and numbering conventions were used as the previous 
2D analysis to help visualise the sequence.  
Figure 16 shows the spreadsheet model for the first two levels. Three strategies applied in 2D 
Model 2 were also applied to the 3D model. This can be seen by observing that certain blocks 
in two adjacent levels share the same number, indicating that the four-step strategy was 
implemented.  
A new strategy was also added to maximise the productivity in a 3D system. A radial system 
as seen in Figure 17 was utilised, with the dozer trap located at the bottom centre of the strip. 
Although it was difficult to implement a radial path due to the size of each individual block, 
effort was made to simulate the radial path by drawing lines and determining which of the lines 
occupied the greatest proportion of each block. Initially, a vertical path was created along the 
dozer trap, then a radial sequence was followed clockwise starting from the left. 
 
Figure 16. 3D model Levels 1 and 2 
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Figure 17. 3D model Level 3 with radial lines 
Figure 18 shows Levels 3 and 4. 
 
Figure 18. 3D model Levels 3 and 4 
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Figure 19 shows Levels 5 and 6. 
 
Figure 19. 3D model Levels 5 and 6 
Finally, Figure 20 shows the final Level 7, which is the bottom level on the surface. 
 
Figure 20. 3D model Level 7 
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5.3 DATA INPUT AND CALCULATION 
Data was input into Excel in a similar manner to the 2D analysis. However, additional 
parameters were required due to the radial orientation, as the shape of adjacent blocks with the 
same number were not consistent. An example of such a situation can be seen in Figure 21, 
where Blocks 49 and 85 are both triple blocks but are aligned in different configurations. For 
calculating their relative distances to the dozer trap, horizontal and vertical locations of their 
centre of mass were input and used. 
 
Figure 21. Inconsistent block orientation example 
A small example of the 3D model data can be seen in Table 10. No. indicates the block number 
corresponding to the spreadsheet model labels. “Pair” is a Boolean variable indicating whether 
or not the block is a pair of adjacent diagonal block clusters for the four-step strategy. “Top 
Centre X” indicates the horizontal location of the centre of mass of the top block in relation to 
the dozer trap. “Top Centre Y” indicates the vertical location of the centre of mass of the top 
block. “Top Quantity” indicates the number of blocks present in the top block cluster. 
Corresponding values are repeated for the bottom block cluster starting with “Bot”. The full 
data set can be seen in Appendix 2. 
Table 10. 3D model data example 
No. Pair 
Top Centre 
X 
Top Centre 
Y 
Top Quantity Bot Centre X Bot Centre Y Bot Quantity 
1 FALSE 0 7.5 3 0 0 0 
2 FALSE 7.5 2.5 2 0 0 0 
3 FALSE 5 7.5 1 0 0 0 
4 FALSE 5 7.5 1 0 0 0 
5 FALSE 7.5 2.5 2 0 0 0 
Calculations for the 3D model were done similarly to 2D Model 2, with each block sequence 
divided into four separate pushes. For the 3D analysis, repositioning time was also considered. 
Before the dozer starts pushing a new block, it spends time relocating with a speed obtained 
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from the catalogue for gear 1 forward multiplied by the grade factor for the reposition. An 
example calculation for a single block can be seen in Table 11. 
Table 11. 3D model calculation 
Parameter Value Unit 
Is Block Set Paired TRUE 
 
Top Centre X 10 m 
Top Centre Y 27.5 m 
Top Distance 29.26 m 
Top Distance 5m rise 29.68 m 
Top Quantity 1 blocks 
Top Volume 125 m3 
Bot Centre X 5 m 
Bot Centre Y 17.5 m 
Bot Distance 18.20 m 
Bot Distance 5m rise 18.87 
 
Bot Quantity 1 blocks 
Bot Volume 125 m3 
Reposition Distance 18.87 m 
Reposition Grade 26.49 % 
Reposition Grade Correction 0.39 
 
Reposition transmission 0.42 m/s 
Reposition time 0.73 min 
First push distance 19.00 m 
First push volume 18.75 m3 
First push productivity 7270.79 m3/hr 
First push time 0.15 min 
Second push distance 49.55 m 
Second push volume 18.75 m3 
Second push productivity 3164.17 m3/hr 
Second push time 5.14 min 
Third push distance 48.26 m 
Third push volume 106.25 m3 
Third push productivity 2023.35 m3/hr 
Third push time 3.15 min 
Fourth push distance 18.20 m 
Fourth push volume 106.25 m3 
Fourth push productivity 4717.42 m3/hr 
Fourth push 1.35 min 
Total push volume 250 m3 
Total push time 5.75 min 
Productivity values show a similar trend to the calculations for 2D Model 2, since the same 
strategies were applied. Unlike the 2D models, extra push distances are not required since the 
entire distance to the dozer trap is considered in this analysis. 
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The total volume moved in this analysis was 136,500 LCM of waste and the time taken was 
approximately 57 hours. This is an average production rate of 2394 LCM/hr. This is a 22% 
improvement from the 1961 LCM/hr of 2D Model 2. It can be suspected that the radial 
orientation decreased the overall pushing distance, improving the production rate. The results 
for all individual blocks can be seen in Appendix 2. 
5.4 GRAPHICAL ANALYSIS 
Figure 22 shows the production rate of the system over time. The production rate fluctuates 
greatly because the grade and push distance changes dynamically throughout the process. 
However, the overall trend of the production rate is decreasing because blocks further away 
from the dozer pit tend to get pushed later. 
 
Figure 22. 3D model production rate graph 
Figure 23 shows the cumulative volume over time. The actual production rate is in thick blue 
compared to the linear trendline in dots. It shows that the production overperforms that linear 
trend at the earlier stages of the operation then underperforms towards the end. 
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Figure 23. 3D model cumulative volume graph 
5.5 FINANCIAL ANALYSIS 
5.5.1 Production Rate Correction 
Although a 3D analysis has been made and some meaningful data regarding the production rate 
of dozer pushing has been collected, such data is meaningless without a financial comparison 
with existing systems. To accurately compare the costs of this dozer system with existing 
systems, a standard roster and shifts were applied to the production rate as shown in Table 12. 
Table 12. Roster and shifts factors for 3D model 
Factor Value 
Rostered shift 720 min 
Travel/Crib loss 60 min 
Available production time 660 min 
Production time Factor 0.91 
Shifts per week 14 
Lost shifts per week 2 
Production shifts per week 12 
Planned loss weeks 5 
Working weeks per year 47 
Production shifts per year 564 
Total shifts per year 728 
Shifts Factor 0.77 
Roster and shifts factor 0.71 
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If a typical availability and utilisation of 0.8 each are additionally applied to the roster and shifts 
f actor, a final correction factor of 0.45 is achieved. This results in a final average production 
rate of 1088 LCM / hr for this system. 
5.5.2 Comparison with Rope Shovel 
By applying cost data from InfoMine (2016), the hourly operating cost of a dozer of this 
capacity is approximately 300 AUD/hr. From the average production rate and hourly operating 
cost, the cost of waste movement for the dozer system is 0.28 AUD/LCM. 
For a rope shovel to achieve a production rate of 1088 LCM/hr or 18.14 LCM/min, the shovel 
must have a bucket capacity of 15 m3 assuming 1.2 cycles per minute. According to the same 
source, the hourly operating cost of a rope shovel of this capacity is approximately 415 AUD/hr. 
This is results in a waste removal cost of 0.38 AUD/LCM. 
From this result, the dozer push system costs 38% less than the rope shovel. However, this is a 
very small rope shovel and the cost efficiency of the rope shovel may differ if a bigger shovel 
is utilised for a bigger scale operation. 
This price may seem too low for waste removal in a typical strip mine. However, it must be 
considered that the analysed system in this report assumes dozer pushing in a blasted profile, 
ignoring costs from pre-stripping and blasting. If such costs are added to the costs, the waste 
removal cost becomes closer to conventional values. 
5.6 CONVEYOR SYSTEM 
5.6.1 Conveyor System Capacity 
As seen in the previous graphical analysis, since the production rate is extremely variable, it 
can be problematic to select the right conveyor capacity for the system. The production rate 
graph with the final correction factor applied can be seen in Figure 24. Although a conveyor 
system with a capacity of 3000 LCM/hr is able to capacitate the system regardless of its variance, 
it is a massive waste in investment to purchase a 3000 LCM/hr conveyor system for a dozer 
system with an average production rate of 1088 LCM/hr. 
However, if a conveyor system with a capacity of 1088 LCM/hr is purchased, the system 
production frequently exceeds the capacity of the conveyor system and halt or delay the 
production. Therefore, an optimal capacity in between should be selected to minimise 
production delays while being a reasonable investment. 
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Figure 24. Factored production rate of 3D system 
Figure 25 shows the cumulative volume over time for the actual system compared to two 
possible conveyor capacities of 1200 LCM/hr and 1500 LCM/hr. It shows that a 1200 LCM/hr 
capacity conveyor system underperforms the dozer system for the majority of the time, greatly 
delaying production. This makes a 1500 LCM/hr conveyor system more appropriate for this 
dozer push setup. 
 
Figure 25. Cumulative volume for different systems 
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5.6.2 Rehandle Losses 
However, even with a 1500 LCM/hr conveyor system, the dozer push over performs the 
conveyor system at times. Figure 26 shows the major areas where the production rate exceeds 
the conveyor capacity. These are the following four areas: 
 area 1 between 0 and 4 hours; 
 area 2 between 6.3 and 8.5 hours; 
 area 3 between 22.4 and 23.3 hours; and 
 area 4 between 32.9 and 34.2 hours. 
Equation 1 can be used to calculate the total major rehandle volume of the system. 
∫ −19.869𝑥 + 1873.7 𝑑𝑥 +
4.0
0 ∫ −19.869𝑥 + 1873.7 𝑑𝑥 +
8.5
6.3 ∫ −19.869𝑥 +
23.3
22.4
1873.7 𝑑𝑥 + ∫ −19.869𝑥 + 1873.7 𝑑𝑥
34.2
32.9
       1) 
This results in a total rehandle volume of 14000 LCM. If a stockpile is kept in close proximity 
of the dozer trap and it is assumed that the maximum conveyor capacity of 1500 LCM/hr can 
be utilised for the rehandling process, a total of 9.3 hours is spent in rehandling. 
 
Figure 26. Major over production areas 
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6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 CONCLUSIONS 
Dozer push productivity analysis was conducted maximising key factors of pushing distance 
and % grade using varying sequences. A generic blasted profile was used with a swell of 20%. 
The blasted profile was input into an Excel spreadsheet, with each block in the spreadsheet 
representing a 5m by 5m block. 
Two-dimensional analysis was undertaken by taking a vertical cross section in a coal strip mine. 
Two different models were analysed to compare their productivities. Model 1 was a model with 
generic horizontal push sequences starting from the top right corner moving right to left then 
top to bottom. After the completion of Model 1, a four-step strategy was created to increase 
productivity. Model 2 was modelled with diagonal layer sequences and the four-step strategy. 
Model 2 showed better results with 446 minutes compared to Model 1 with 480 minutes while 
moving 14594 LCM of waste. The production rates were 1822 LCM/hr for Model 1 and 
1961 LCM/hr for Model 2. This is a 7.6% improvement. 
Three-dimensional analysis was done by taking horizonal cross sections for each block in the 
2D model. The total width of the analysed strip was 65 m or 13 blocks. Existing strategies from 
the 2D models such as the diagonal layer sequencing and four-step strategy were implemented 
with the addition of radial pathing. The total volume moved in the 3D analysis was 136,500 
LCM in the span of 57 hours. The average production rate was 2394 LCM/hr, 22% 
improvement over the 2D model. Graphical analysis of the model showed an overall decreasing 
trend of production rate as the sequence progressed. 
Standard rosters, shifts, availability and utilisation values were implemented to the production 
rate to a final average production rate of 1088 LCM/hr for comparison with existing systems. 
Calculated cost of overburden removal was 0.28 AUD/LCM which was 38% cheaper than 
0.38 AUD/LCM, the calculated cost for a rope shovel of the same capacity. 
The production rate varied from 560 and 2733 LCM/hr, but it is not economically feasible to 
invest on a conveyor system matching the maximum production rate. A conveyor system with 
a capacity of 1500 LCM/hr was suggested for this system. 
Due to the system exceeding the conveyor capacities at times, a total rehandle volume of 
14000 LCM was present, requiring a total of 9.3 hours to be spent in rehandling. 
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6.2 RECOMMENDATIONS 
Two different 2D sequences were analysed and compared, but only one 3D sequence was 
analysed. If different 3D sequences are analysed, a more effective sequence may be found. It 
may even be possible to find an overall trend to optimise the process. 
In an actual strip mine, it is not feasible to operate with a single dozer. A sequence with multiple 
dozer interaction should be analysed. This will also increase the overall production rate of the 
system, allowing more accurate comparisons with bigger shovels actually used in surface coal 
mining. On the other hand, this is a much more complex operation, as concurrently operating 
dozers may positively or negatively impact on each other. 
Different strip width should be considered. This is important because the width of the strip not 
only affects dozing distance and sequence, but also the relocation of the dozer trap. Relocation 
frequency and distance of the dozer trap may also have a significant impact in dozer push 
systems. 
More finite simulations with smaller blocks should be conducted. With a block size of 5 m by 
5 m by 5 m, it is difficult to accurately represent realistic blasted profiles. It also interferes with 
creating radial paths for the 3D analysis. Smaller block sizes generally give more accurate 
modelling analysis. However, this is not an easy process, especially if the model is created 
manually in Excel. This method may only be feasible if a separate software for block generation 
is available for use. 
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APPENDIX 1. 2D MODEL DATA 
Table 13. Model 1 full block data 
Number Length (m) Extra push distance (m) 
1 15 10 
2 15 25 
3 15 10 
4 15 25 
5 15 40 
6 5 65 
7 15 5 
8 15 20 
9 15 35 
10 15 50 
11 5 65 
12 15 10 
13 15 25 
14 15 40 
15 15 55 
16 5 70 
17 15 10 
18 15 25 
19 15 40 
20 15 55 
21 10 70 
22 15 10 
23 15 25 
24 15 40 
25 15 55 
26 15 70 
27 15 5 
28 15 20 
29 15 35 
30 15 50 
31 15 65 
32 5 80 
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Table 14. Model 1 full result data 
Block Set Time (min) Volume (m3) 
1 11.05 503.25 
2 13.45 503.25 
3 11.05 503.25 
4 13.45 503.25 
5 17.69 503.25 
6 8.34 167.75 
7 11.05 503.25 
8 11.96 503.25 
9 16.31 503.25 
10 20.40 503.25 
11 8.34 167.75 
12 11.05 503.25 
13 13.45 503.25 
14 17.69 503.25 
15 21.73 503.25 
16 8.76 167.75 
17 11.05 503.25 
18 13.45 503.25 
19 17.69 503.25 
20 21.73 503.25 
21 17.31 335.5 
22 11.05 503.25 
23 13.45 503.25 
24 17.69 503.25 
25 21.73 503.25 
26 25.62 503.25 
27 11.05 503.25 
28 11.96 503.25 
29 16.31 503.25 
30 20.40 503.25 
31 24.34 503.25 
32 9.61 167.75 
Total Production 480.38 14594.25 
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Table 15. Model 2 full block data 
Number Pair Top Length (m) Bottom Length (m) Extra Push Distance (m) 
1 FALSE 15 0 10 
2 TRUE 5 5 0 
3 TRUE 15 15 15 
4 TRUE 5 5 15 
5 TRUE 5 5 15 
6 FALSE 5 0 5 
7 TRUE 15 15 20 
8 TRUE 5 5 20 
9 TRUE 5 5 10 
10 TRUE 10 15 25 
11 TRUE 15 5 25 
12 TRUE 5 5 15 
13 TRUE 15 15 30 
14 TRUE 15 5 30 
15 FALSE 5 0 20 
16 TRUE 15 5 35 
17 TRUE 15 15 35 
18 TRUE 15 5 25 
19 TRUE 15 5 40 
20 TRUE 15 15 40 
21 FALSE 15 0 30 
22 TRUE 10 5 45 
23 TRUE 15 15 35 
24 TRUE 10 5 50 
25 FALSE 15 0 40 
26 TRUE 5 5 45 
27 FALSE 5 0 50 
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Table 16. Model 2 full result data 
Block Set Time (min) Volume (m3) 
1 11.05 503.25 
2 3.79 335.5 
3 25.51 1006.5 
4 7.82 335.5 
5 7.82 335.5 
6 3.91 167.75 
7 27.33 1006.5 
8 8.43 335.5 
9 7.82 335.5 
10 24.19 838.75 
11 19.02 671 
12 7.82 335.5 
13 33.19 1006.5 
14 20.95 671 
15 4.21 167.75 
16 11.32 335.5 
17 36.02 1006.5 
18 19.02 671 
19 12.25 335.5 
20 38.79 1006.5 
21 14.89 503.25 
22 13.16 335.5 
23 36.02 1006.5 
24 14.05 335.5 
25 17.69 503.25 
26 13.16 335.5 
27 7.02 167.75 
Total 446.38 14594.25 
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APPENDIX 2. 3D MODEL DATA 
 
Figure 27. 3D model side view 
 
Figure 28. 3D model isometric view 
 
Figure 29. 3D model bottom view 
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Table 17. 3D model full block data 
No. Pair 
Top 
Centre X 
Top Centre 
Y 
Top Quantity Bot Centre X 
Bot Centre 
Y 
Bot 
Quantity 
1 FALSE 0 7.5 3 0 0 0 
2 FALSE 7.5 2.5 2 0 0 0 
3 FALSE 5 7.5 1 0 0 0 
4 FALSE 5 7.5 1 0 0 0 
5 FALSE 7.5 2.5 2 0 0 0 
6 TRUE 0 22.5 3 0 7.5 3 
7 FALSE 0 2.5 1 0 0 0 
8 FALSE 10 2.5 3 0 0 0 
9 FALSE 10 2.5 3 0 0 0 
10 TRUE 20 2.5 3 10 2.5 2 
11 FALSE 17.5 7.5 2 0 0 0 
12 FALSE 12.5 7.5 2 0 0 0 
13 TRUE 10 12.5 1 5 7.5 1 
14 FALSE 7.5 15 2 0 0 0 
15 FALSE 5 20 2 0 0 0 
16 FALSE 5 20 2 0 0 0 
17 FALSE 7.5 15 2 0 0 0 
18 TRUE 10 12.5 1 5 7.5 1 
19 FALSE 12.5 7.5 2 0 0 0 
20 FALSE 17.5 7.5 2 0 0 0 
21 TRUE 20 2.5 3 10 2.5 2 
22 FALSE 0 27.5 3 0 0 0 
23 FALSE 25 2.5 3 0 0 0 
24 FALSE 25 2.5 3 0 0 0 
25 TRUE 30 2.5 1 20 2.5 3 
26 TRUE 27.5 7.5 2 17.5 7.5 2 
27 TRUE 25 12.5 3 12.5 10 2 
28 TRUE 22.5 17.5 2 10 12.5 1 
29 TRUE 17.5 20 2 7.5 15 2 
30 TRUE 12.5 25 3 5 20 2 
31 FALSE 7.5 27.5 2 0 0 0 
32 FALSE 7.5 27.5 2 0 0 0 
33 TRUE 12.5 25 3 5 20 2 
34 TRUE 17.5 20 2 7.5 15 2 
35 TRUE 22.5 17.5 2 10 12.5 1 
36 TRUE 25 12.5 3 12.5 10 2 
37 TRUE 27.5 7.5 2 17.5 7.5 2 
38 TRUE 30 2.5 1 20 2.5 3 
39 FALSE 0 7.5 3 0 0 0 
40 FALSE 0 20 2 0 0 0 
41 FALSE 10 2.5 3 0 0 0 
42 FALSE 20 2.5 1 0 0 0 
43 FALSE 12.5 7.5 2 0 0 0 
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44 FALSE 7.5 10 2 0 0 0 
45 FALSE 5 15 2 0 0 0 
46 FALSE 5 15 2 0 0 0 
47 FALSE 7.5 10 2 0 0 0 
48 FALSE 12.5 7.5 2 0 0 0 
49 FALSE 10 2.5 3 0 0 0 
50 FALSE 20 2.5 1 0 0 0 
51 FALSE 0 40 2 0 0 0 
52 TRUE 30 17.5 1 20 22.5 3 
53 TRUE 27.5 22.5 2 17.5 27.5 2 
54 TRUE 27.5 27.5 2 12.5 30 2 
55 TRUE 20 27.5 1 7.5 35 3 
56 FALSE 5 40 2 0 0 0 
57 FALSE 5 40 2 0 0 0 
58 TRUE 20 27.5 1 7.5 35 3 
59 TRUE 27.5 27.5 2 12.5 30 2 
60 TRUE 27.5 22.5 2 17.5 27.5 2 
61 TRUE 30 17.5 1 20 22.5 3 
62 FALSE 30 7.5 1 0 0 0 
63 FALSE 27.5 12.5 2 0 0 0 
64 FALSE 25 17.5 3 0 0 0 
65 FALSE 25 17.5 3 0 0 0 
66 FALSE 27.5 12.5 2 0 0 0 
67 FALSE 30 7.5 1 0 0 0 
68 TRUE 0 32.5 3 0 17.5 3 
69 FALSE 0 5 2 0 0 0 
70 TRUE 27.5 2.5 2 15 2.5 3 
71 TRUE 27.5 7.5 2 5 2.5 1 
72 TRUE 22.5 10 3 15 7.5 1 
73 TRUE 17.5 15 2 7.5 7.5 2 
74 TRUE 15 17.5 1 10 12.5 1 
75 FALSE 15 22.5 1 0 0 0 
76 TRUE 10 20 2 5 12.5 1 
77 TRUE 10 27.5 1 5 17.5 1 
78 FALSE 5 27.5 3 0 0 0 
79 FALSE 5 27.5 3 0 0 0 
80 TRUE 10 27.5 1 5 17.5 1 
81 TRUE 10 20 2 5 12.5 1 
82 FALSE 15 22.5 1 0 0 0 
83 TRUE 15 17.5 1 10 12.5 1 
84 TRUE 17.5 15 2 7.5 7.5 2 
85 TRUE 22.5 10 3 15 7.5 1 
86 TRUE 27.5 7.5 2 5 2.5 1 
87 TRUE 27.5 2.5 2 15 2.5 3 
88 TRUE 0 60 2 0 47.5 3 
89 TRUE 30 25 2 22.5 25 3 
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90 TRUE 27.5 30 2 20 27.5 1 
91 TRUE 25 35 2 17.5 30 2 
92 TRUE 20 32.5 1 15 32.5 1 
93 TRUE 17.5 40 3 12.5 35 2 
94 TRUE 10 42.5 2 10 40 2 
95 FALSE 5 42.5 3 0 0 0 
96 TRUE 10 42.5 1 5 42.5 3 
97 TRUE 15 42.5 1 10 40 2 
98 TRUE 17.5 40 3 12.5 35 2 
99 TRUE 20 32.5 1 15 32.5 1 
100 TRUE 25 35 2 17.5 30 2 
101 TRUE 27.5 30 2 20 27.5 1 
102 TRUE 30 25 2 22.5 25 3 
103 FALSE 30 17.5 2 0 0 0 
104 FALSE 27.5 20 2 0 0 0 
105 FALSE 27.5 20 2 0 0 0 
106 FALSE 30 17.5 2 0 0 0 
107 TRUE 0 32.5 3 0 22.5 3 
108 FALSE 0 7.5 3 0 0 0 
109 TRUE 27.5 2.5 2 15 7.5 3 
110 TRUE 27.5 7.5 2 5 7.5 1 
111 TRUE 22.5 10 2 15 12.5 1 
112 TRUE 17.5 15 3 10 12.5 1 
113 TRUE 15 17.5 1 5 12.5 1 
114 TRUE 12.5 20 2 10 17.5 1 
115 TRUE 10 25 2 5 17.5 1 
116 TRUE 5 27.5 3 5 22.5 1 
117 TRUE 5 27.5 3 5 22.5 1 
118 TRUE 10 25 2 5 17.5 1 
119 TRUE 12.5 20 2 10 17.5 1 
120 TRUE 15 17.5 1 5 12.5 1 
121 TRUE 17.5 15 3 10 12.5 1 
122 TRUE 22.5 10 2 15 12.5 1 
123 TRUE 27.5 7.5 2 5 7.5 1 
124 TRUE 27.5 2.5 2 15 7.5 3 
125 FALSE 7.5 2.5 2 0 0 0 
126 FALSE 20 2.5 3 0 0 0 
127 FALSE 7.5 2.5 2 0 0 0 
128 FALSE 20 2.5 3 0 0 0 
129 TRUE 0 67.5 1 0 62.5 3 
130 FALSE 30 30 2 0 0 0 
131 FALSE 27.5 35 2 0 0 0 
132 TRUE 30 40 2 25 37.5 1 
133 TRUE 25 42.5 1 22.5 40 2 
134 FALSE 20 45 2 0 0 0 
135 TRUE 15 57.5 1 15 47.5 3 
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136 TRUE 10 60 2 10 52.5 3 
137 TRUE 5 65 2 5 57.5 3 
138 TRUE 5 65 2 5 57.5 3 
139 TRUE 10 60 2 10 52.5 3 
140 TRUE 15 57.5 1 15 47.5 3 
141 FALSE 20 45 2 0 0 0 
142 TRUE 25 42.5 1 22.5 40 2 
143 TRUE 30 40 2 25 37.5 1 
144 FALSE 27.5 35 2 0 0 0 
145 FALSE 30 30 2 0 0 0 
146 TRUE 0 47.5 3 0 37.5 3 
147 FALSE 30 2.5 1 0 0 0 
148 FALSE 27.5 7.5 2 0 0 0 
149 TRUE 30 12.5 1 27.5 12.5 2 
150 TRUE 27.5 20 3 22.5 15 3 
151 TRUE 22.5 25 3 17.5 20 2 
152 TRUE 20 30 2 15 25 2 
153 TRUE 15 32.5 3 10 27.5 3 
154 TRUE 10 37.5 3 5 32.5 3 
155 FALSE 5 42.5 3 0 0 0 
156 FALSE 5 42.5 3 0 0 0 
157 TRUE 10 37.5 3 5 32.5 3 
158 TRUE 15 32.5 3 10 27.5 3 
159 TRUE 20 30 2 15 25 2 
160 TRUE 22.5 25 3 17.5 20 2 
161 TRUE 27.5 20 3 22.5 15 3 
162 TRUE 30 12.5 1 27.5 12.5 2 
163 FALSE 27.5 7.5 2 0 0 0 
164 FALSE 30 2.5 1 0 0 0 
165 FALSE 0 7.5 3 0 0 0 
166 FALSE 0 22.5 3 0 0 0 
167 FALSE 0 32.5 1 0 0 0 
168 FALSE 10 2.5 3 0 0 0 
169 FALSE 25 2.5 3 0 0 0 
170 FALSE 25 7.5 1 0 0 0 
171 FALSE 17.5 7.5 2 0 0 0 
172 FALSE 15 10 3 0 0 0 
173 FALSE 10 12.5 3 0 0 0 
174 FALSE 7.5 17.5 3 0 0 0 
175 FALSE 5 22.5 3 0 0 0 
176 FALSE 5 22.5 3 0 0 0 
177 FALSE 7.5 17.5 3 0 0 0 
178 FALSE 10 12.5 3 0 0 0 
179 FALSE 15 10 3 0 0 0 
180 FALSE 17.5 7.5 2 0 0 0 
181 FALSE 25 7.5 1 0 0 0 
  
45 
182 FALSE 25 2.5 3 0 0 0 
183 FALSE 10 2.5 3 0 0 0 
184 TRUE 0 72.5 1 0 62.5 3 
185 FALSE 30 30 2 0 0 0 
186 TRUE 30 42.5 1 27.5 35 3 
187 TRUE 30 47.5 1 22.5 40 2 
188 TRUE 25 50 2 20 42.5 1 
189 TRUE 20 52.5 1 17.5 45 2 
190 TRUE 17.5 60 3 15 50 2 
191 TRUE 10 65 2 10 52.5 3 
192 TRUE 5 70 2 5 57.5 3 
193 TRUE 5 70 2 5 57.5 3 
194 TRUE 10 65 2 10 52.5 3 
195 TRUE 17.5 60 3 15 50 2 
196 TRUE 20 52.5 1 17.5 45 2 
197 TRUE 25 50 2 20 42.5 1 
198 TRUE 30 47.5 1 22.5 40 2 
199 TRUE 30 42.5 1 27.5 35 3 
200 FALSE 30 30 2 0 0 0 
201 TRUE 0 52.5 3 0 42.5 3 
202 FALSE 30 7.5 1 0 0 0 
203 FALSE 27.5 15 3 0 0 0 
204 TRUE 30 20 2 22.5 20 3 
205 TRUE 22.5 25 2 20 22.5 1 
206 TRUE 25 30 2 17.5 25 2 
207 TRUE 20 30 2 15 30 2 
208 TRUE 17.5 35 2 10 27.5 1 
209 TRUE 15 40 2 10 35 2 
210 TRUE 10 42.5 3 5 37.5 3 
211 FALSE 5 47.5 3 0 0 0 
212 FALSE 5 47.5 3 0 0 0 
213 TRUE 10 42.5 3 5 37.5 3 
214 TRUE 15 40 2 10 35 2 
215 TRUE 17.5 35 2 10 27.5 1 
216 TRUE 20 30 2 15 30 2 
217 TRUE 25 30 2 17.5 25 2 
218 TRUE 22.5 25 2 20 22.5 1 
219 TRUE 30 20 2 22.5 20 3 
220 FALSE 27.5 15 3 0 0 0 
221 FALSE 30 7.5 1 0 0 0 
222 FALSE 0 7.5 3 0 0 0 
223 FALSE 0 22.5 3 0 0 0 
224 FALSE 0 35 2 0 0 0 
225 FALSE 10 2.5 3 0 0 0 
226 FALSE 25 2.5 3 0 0 0 
227 FALSE 27.5 7.5 2 0 0 0 
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228 FALSE 20 10 3 0 0 0 
229 FALSE 17.5 15 3 0 0 0 
230 FALSE 7.5 7.5 2 0 0 0 
231 FALSE 10 15 3 0 0 0 
232 FALSE 10 20 3 0 0 0 
233 FALSE 10 25 2 0 0 0 
234 FALSE 5 27.5 3 0 0 0 
235 FALSE 5 27.5 3 0 0 0 
236 FALSE 10 25 2 0 0 0 
237 FALSE 10 20 3 0 0 0 
238 FALSE 10 15 3 0 0 0 
239 FALSE 7.5 7.5 2 0 0 0 
240 FALSE 17.5 15 3 0 0 0 
241 FALSE 20 10 3 0 0 0 
242 FALSE 27.5 7.5 2 0 0 0 
243 FALSE 10 2.5 3 0 0 0 
244 FALSE 25 2.5 3 0 0 0 
245 FALSE 0 67.5 3 0 0 0 
246 FALSE 30 32.5 1 0 0 0 
247 FALSE 27.5 40 3 0 0 0 
248 TRUE 30 45 2 25 45 2 
249 TRUE 25 47.5 1 22.5 45 2 
250 TRUE 25 52.5 1 20 50 2 
251 TRUE 20 55 2 15 52.5 3 
252 TRUE 15 60 2 10 57.5 3 
253 TRUE 7.5 65 3 5 62.5 3 
254 TRUE 7.5 65 3 5 62.5 3 
255 TRUE 15 60 2 10 57.5 3 
256 TRUE 20 55 2 15 52.5 3 
257 TRUE 25 52.5 1 20 50 2 
258 TRUE 25 47.5 1 22.5 45 2 
259 TRUE 30 45 2 25 45 2 
260 FALSE 27.5 40 3 0 0 0 
261 FALSE 30 32.5 1 0 0 0 
262 TRUE 0 52.5 3 0 47.5 3 
263 FALSE 30 15 2 0 0 0 
264 TRUE 30 22.5 1 27.5 20 3 
265 TRUE 30 27.5 1 22.5 25 2 
266 TRUE 27.5 30 3 20 27.5 1 
267 TRUE 22.5 35 2 17.5 30 2 
268 TRUE 20 40 2 15 35 2 
269 TRUE 15 42.5 3 10 35 2 
270 TRUE 10 47.5 3 7.5 40 2 
271 TRUE 5 47.5 3 5 45 2 
272 TRUE 5 47.5 3 5 45 2 
273 TRUE 10 47.5 3 7.5 40 2 
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274 TRUE 15 42.5 3 10 35 2 
275 TRUE 20 40 2 15 35 2 
276 TRUE 22.5 35 2 17.5 30 2 
277 TRUE 27.5 30 3 20 27.5 1 
278 TRUE 30 27.5 1 22.5 25 2 
279 TRUE 30 22.5 1 27.5 20 3 
280 FALSE 30 15 2 0 0 0 
281 FALSE 0 70 2 0 0 0 
282 FALSE 30 42.5 3 0 0 0 
283 TRUE 30 47.5 1 27.5 45 2 
284 TRUE 30 52.5 1 25 50 2 
285 TRUE 25 55 2 20 52.5 3 
286 TRUE 17.5 60 3 15 57.5 3 
287 TRUE 12.5 70 3 10 62.5 3 
288 TRUE 5 72.5 1 5 67.5 3 
289 TRUE 5 72.5 1 5 67.5 3 
290 TRUE 12.5 70 3 10 62.5 3 
291 TRUE 17.5 60 3 15 57.5 3 
292 TRUE 25 55 2 20 52.5 3 
293 TRUE 30 50 2 25 50 2 
294 FALSE 30 47.5 1 0 0 0 
295 FALSE 30 42.5 3 0 0 0 
296 FALSE 0 65.5 3 0 0 0 
297 FALSE 30 30 2 0 0 0 
298 FALSE 27.5 35 3 0 0 0 
299 FALSE 22.5 40 2 0 0 0 
300 FALSE 20 45 2 0 0 0 
301 FALSE 15 47.5 3 0 0 0 
302 FALSE 10 52.5 3 0 0 0 
303 FALSE 5 57.5 3 0 0 0 
304 FALSE 5 57.5 3 0 0 0 
305 FALSE 10 52.5 3 0 0 0 
306 FALSE 15 47.5 3 0 0 0 
307 FALSE 20 45 2 0 0 0 
308 FALSE 22.5 40 2 0 0 0 
309 FALSE 27.5 35 3 0 0 0 
310 FALSE 30 30 2 0 0 0 
311 FALSE 0 75 2 0 0 0 
312 FALSE 30 45 2 0 0 0 
313 TRUE 30 55 2 27.5 50 2 
314 TRUE 25 57.5 1 25 55 2 
315 TRUE 25 62.5 1 20 52.5 1 
316 TRUE 20 65 2 17.5 60 3 
317 TRUE 15 70 2 12.5 65 3 
318 TRUE 10 72.5 1 10 70 2 
319 FALSE 5 72.5 3 0 0 0 
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320 FALSE 5 72.5 3 0 0 0 
321 TRUE 10 72.5 1 10 70 2 
322 TRUE 15 70 2 12.5 65 3 
323 TRUE 20 65 2 17.5 60 3 
324 TRUE 25 62.5 1 20 52.5 1 
325 TRUE 25 57.5 1 25 55 2 
326 TRUE 30 55 2 27.5 50 2 
327 FALSE 30 45 2 0 0 0 
328 FALSE 30 60 2 0 0 0 
329 FALSE 25 65 2 0 0 0 
330 FALSE 20 70 2 0 0 0 
331 FALSE 15 75 2 0 0 0 
332 FALSE 10 77.5 1 0 0 0 
333 FALSE 10 77.5 1 0 0 0 
334 FALSE 15 75 2 0 0 0 
335 FALSE 20 70 2 0 0 0 
336 FALSE 25 65 2 0 0 0 
337 FALSE 30 60 2 0 0 0 
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Table 18. 3D model full result data 
Block set Volume (m3) Time (min) 
1 375 3.74 
2 250 2.66 
3 125 1.41 
4 125 1.41 
5 250 2.66 
6 750 9.43 
7 125 1.41 
8 375 3.74 
9 375 3.74 
10 625 8.28 
11 250 2.93 
12 250 2.66 
13 250 3.36 
14 250 2.66 
15 250 3.14 
16 250 3.14 
17 250 2.66 
18 250 3.36 
19 250 2.66 
20 250 2.93 
21 625 8.28 
22 375 5.67 
23 375 5.24 
24 375 5.24 
25 500 7.93 
26 500 9.03 
27 625 10.32 
28 375 7.19 
29 500 8.30 
30 625 11.36 
31 250 4.16 
32 250 4.16 
33 625 11.36 
34 500 8.30 
35 375 7.19 
36 625 10.32 
37 500 9.03 
38 500 7.93 
39 375 3.74 
40 250 3.06 
41 375 3.74 
42 125 1.63 
43 250 2.66 
44 250 2.66 
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45 250 2.66 
46 250 2.66 
47 250 2.66 
48 250 2.66 
49 375 3.74 
50 125 1.63 
51 250 5.58 
52 500 10.61 
53 500 12.91 
54 500 13.27 
55 500 11.90 
56 250 5.62 
57 250 5.62 
58 500 11.90 
59 500 13.27 
60 500 12.91 
61 500 10.61 
62 125 2.37 
63 250 4.38 
64 375 6.20 
65 375 6.20 
66 250 4.38 
67 125 2.37 
68 750 12.49 
69 250 2.66 
70 625 9.33 
71 375 6.15 
72 500 8.59 
73 500 7.23 
74 250 4.26 
75 125 2.11 
76 375 6.19 
77 250 4.88 
78 375 5.75 
79 375 5.75 
80 250 4.88 
81 375 6.19 
82 125 2.11 
83 250 4.26 
84 500 7.23 
85 500 8.59 
86 375 6.15 
87 625 9.33 
88 625 21.48 
89 625 15.53 
90 375 11.50 
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91 500 14.22 
92 250 7.64 
93 625 17.88 
94 500 15.68 
95 375 8.32 
96 500 14.07 
97 375 11.42 
98 625 17.88 
99 250 7.64 
100 500 14.22 
101 375 11.50 
102 625 15.53 
103 250 4.94 
104 250 4.85 
105 250 4.85 
106 250 4.94 
107 750 14.00 
108 375 3.74 
109 625 9.52 
110 375 6.50 
111 375 7.26 
112 500 8.23 
113 250 4.10 
114 375 7.24 
115 375 7.31 
116 500 10.32 
117 500 10.32 
118 375 7.31 
119 375 7.24 
120 250 4.10 
121 500 8.23 
122 375 7.26 
123 375 6.50 
124 625 9.52 
125 250 2.66 
126 375 4.33 
127 250 2.66 
128 375 4.33 
129 500 19.76 
130 250 5.88 
131 250 6.13 
132 375 14.25 
133 375 12.48 
134 250 6.69 
135 500 16.55 
136 625 23.08 
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137 625 24.63 
138 625 24.63 
139 625 23.08 
140 500 16.55 
141 250 6.69 
142 375 12.48 
143 375 14.25 
144 250 6.13 
145 250 5.88 
146 750 20.77 
147 125 2.32 
148 250 4.16 
149 375 8.68 
150 750 15.59 
151 625 13.77 
152 500 12.21 
153 750 16.53 
154 750 18.07 
155 375 8.32 
156 375 8.32 
157 750 18.07 
158 750 16.53 
159 500 12.21 
160 625 13.77 
161 750 15.59 
162 375 8.68 
163 250 4.16 
164 125 2.32 
165 375 3.74 
166 375 4.76 
167 125 2.48 
168 375 3.74 
169 375 5.24 
170 125 2.05 
171 250 2.93 
172 375 3.93 
173 375 3.74 
174 375 4.12 
175 375 4.86 
176 375 4.86 
177 375 4.12 
178 375 3.74 
179 375 3.93 
180 250 2.93 
181 125 2.05 
182 375 5.24 
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183 375 3.74 
184 500 20.04 
185 250 5.88 
186 500 14.95 
187 375 12.88 
188 375 15.19 
189 375 13.29 
190 625 24.20 
191 625 23.61 
192 625 25.15 
193 625 25.15 
194 625 23.61 
195 625 24.20 
196 375 13.29 
197 375 15.19 
198 375 12.88 
199 500 14.95 
200 250 5.88 
201 750 22.94 
202 125 2.37 
203 375 6.35 
204 625 14.23 
205 375 10.07 
206 500 12.85 
207 500 13.17 
208 375 10.57 
209 500 14.55 
210 750 20.25 
211 375 9.16 
212 375 9.16 
213 750 20.25 
214 500 14.55 
215 375 10.57 
216 500 13.17 
217 500 12.85 
218 375 10.07 
219 625 14.23 
220 375 6.35 
221 125 2.37 
222 375 3.74 
223 375 4.76 
224 250 4.97 
225 375 3.74 
226 375 5.24 
227 250 4.16 
228 375 4.74 
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229 375 4.86 
230 250 2.66 
231 375 3.93 
232 375 4.74 
233 250 3.96 
234 375 5.75 
235 375 5.75 
236 250 3.96 
237 375 4.74 
238 375 3.93 
239 250 2.66 
240 375 4.86 
241 375 4.74 
242 250 4.16 
243 375 3.74 
244 375 5.24 
245 375 12.36 
246 125 3.24 
247 375 9.28 
248 500 18.97 
249 375 13.50 
250 375 14.36 
251 625 23.13 
252 625 24.43 
253 750 30.36 
254 750 30.36 
255 625 24.43 
256 625 23.13 
257 375 14.36 
258 375 13.50 
259 500 18.97 
260 375 9.28 
261 125 3.24 
262 750 24.31 
263 250 4.79 
264 500 11.70 
265 375 9.81 
266 500 14.37 
267 500 14.06 
268 500 15.13 
269 625 17.93 
270 625 19.47 
271 625 20.38 
272 625 20.38 
273 625 19.47 
274 625 17.93 
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275 500 15.13 
276 500 14.06 
277 500 14.37 
278 375 9.81 
279 500 11.70 
280 250 4.79 
281 250 9.08 
282 375 9.86 
283 375 14.06 
284 375 14.84 
285 625 23.73 
286 750 29.05 
287 750 31.37 
288 500 21.15 
289 500 21.15 
290 750 31.37 
291 750 29.05 
292 625 23.73 
293 500 20.33 
294 125 3.99 
295 375 9.86 
296 375 12.04 
297 250 5.88 
298 375 8.61 
299 250 6.29 
300 250 6.69 
301 375 9.50 
302 375 10.09 
303 375 10.79 
304 375 10.79 
305 375 10.09 
306 375 9.50 
307 250 6.69 
308 250 6.29 
309 375 8.61 
310 250 5.88 
311 250 9.64 
312 250 7.26 
313 500 21.03 
314 375 15.73 
315 250 11.71 
316 625 26.12 
317 625 27.40 
318 375 18.02 
319 375 13.18 
320 375 13.18 
  
56 
321 375 18.02 
322 625 27.40 
323 625 26.12 
324 250 11.71 
325 375 15.73 
326 500 21.03 
327 250 7.26 
328 250 8.75 
329 250 9.04 
330 250 9.40 
331 250 9.81 
332 125 5.31 
333 125 5.31 
334 250 9.81 
335 250 9.40 
336 250 9.045 
337 250 8.75 
Total 136500 3419.87 
 
